Abstract: Although hemoglobin oxygen saturation (sO 2 ) in the microvasculature is an essential physiological parameter of local tissue functions, non-invasive measurement of microvascular sO 2 is still challenging. Here, we demonstrated that visible-light optical coherence tomography (vis-OCT) can simultaneously provide three-dimensional anatomical tissue morphology, visualize microvasculature at the capillary level, and measure sO 2 from the microvasculature in vivo. We utilized speckle contrast caused by the moving blood cells to enhance microvascular imaging. We applied a series of short-time inverse Fourier transforms to obtain the spectroscopic profile of blood optical attenuation, from which we quantified sO 2 . We validated the sO 2 measurement in mouse ears in vivo through hypoxia and hyperoxia challenges. We further demonstrated that vis-OCT can continuously monitor dynamic changes of microvascular sO 2. 
Introduction
Hemoglobin oxygen saturation (sO 2 ) in the microvasculature is an essential physiological parameter governing the interplay between the blood supply and local tissue functionality. Oxygen diffuses from the capillary network to metabolize tissues so that microvascular sO 2 directly determines the oxygenation level and functions of local tissue. In turn, the oxygen demand from local tissue can remodel the microvasculature, such as triggering angiogenesis through oxygen-sensitive signaling pathways [1] . Such interplay is one of the most fundamental relationships in biology and medicine, and is a pivotal facet in the progression of many diseases, including cancer and diabetes [2] . Given its great importance, it is still challenging to provide a non-invasive measurement of local sO 2 from microvasculature. The blood-oxygen-level dependent (BOLD) contrast imaging method in functional magnetic imaging (fMRI) has been reported to measure sO 2 [3] . However, fMRI is limited to millimeter-level resolution, which prevents it from probing the microvasculature. Two-photon phosphoresce and fluorescence lifetime measurement can image the microvasculature and quantify local oxygen partial pressure in vivo, with the help of an oxygen-sensitive contrast agent [4] . Hyperspectal imaging was also employed to measure sO 2 [5, 6] . However, the lack of depth resolution makes the technique susceptible to many confounding factors, such as the surface reflection and diffusive light, which impeded its accurate sO 2 measurement. Photoacoustic microscopy (PAM) has been developed to quantify sO 2 from microvasculature [7] [8] [9] [10] , which is considered the most powerful label-free sO 2 imaging technology so far. The challenge, however, is that PAM requires temporal switching of the excitation optical wavelength (i.e. either by using two lasers or a tunable laser) to obtain spectral information, and also requires constant physical contact between its ultrasonic detector and the objects.
Optical coherence tomography (OCT) is another promising technique to quantify microvascular sO 2 in vivo. The spectroscopic information can be obtained simultaneously with the structural map by using a wideband, low coherence light source. Thus, the distinct spectral contrast from oxygenated and deoxygenated hemoglobin (Hb) can be utilized to deduce sO 2 . Several groups have demonstrated that the wavelength dependence of scattering coefficient correlated with sO 2 within the near infrared (NIR) spectral range [11] [12] [13] [14] . The photothermal effect of Hb has also been explored to measure sO 2 [15, 16] . Recently, visiblelight OCT (vis-OCT) has been implemented to quantify sO 2 in vivo [17, 18] . The strong absorption contrast of hemoglobin from 540 nm to 580 nm greatly enhances the measurement sensitivity. However, the measurement has not been applied in microvasculature because the scattering background overwhelms the absorption contrast from the small vessels. Furthermore, the measurement relies on additional image segmentation methods to isolate the blood vessels from the surrounding tissue.
In this paper, we present a comprehensive method to overcome the above challenges and non-invasively measure local sO 2 from the microvasculature. The method first utilized the dynamic speckle contrast to enhance the microvasculature, which has been previously demonstrated in various NIR OCT systems [19] [20] [21] [22] [23] . The enhanced signal from the microvasculature allows us to apply a spectroscopic analysis on the visible light spectral range to measure sO 2 . Cellular level anatomical morphology, microvasculature down to single capillary level, and functional sO 2 map can be simultaneously obtained. We demonstrated that the method can measure static sO 2 and monitor dynamic sO 2 changes in vivo. The vis-OCT system used a Fourier domain configuration (Fig. 1) . A supercontinuum laser (NKT photonics) provided a broadband illumination. The laser was delivered by an optical fiber, collimated by a lens, and input into a cube beam splitter (BS; CM1-BS013, Thorlabs), by which the light was divided into a sample arm and a reference arm. The reference arm consisted of a series of glass plates for dispersion control and a reflecting mirror. The sample arm consisted of a beam expander, a two-dimensional scanning mirror system, and an objective lens to focus the light onto the samples. A home-made spectrometer collected the interference spectrum from 520 nm to 630 nm by a CMOS line scan camera (spL2048-140km, Basler). The transverse and axial resolutions were estimated as 7 μm and 1.3 μm, respectively.
Methods

System implementation
For functional microangiography, the following scanning protocol was used. In the fast scanning axis, each B-scan images consisted of 512 A-lines, covering ~1.6 mm length. A saw tooth scanning pattern with 66% duty circle was used. In the slow scanning axis, 1024 B-scan images were acquired to cover ~1.6 mm range. Every other pair of B-scans was acquired at the same cross-sectional location so that the 512 B-scans of microangiography can be obtained by post-processing. The acquisition speed of the camera was set to be 50k A-line per second, which yield a ~30 ms time interval between two adjacent B-scans. The entire imaging took 15.7 s to complete.
Data processing
Several preprocessing steps were first performed on the raw spectra, including normalizing the raw spectra by the light source spectrum, removing the DC spectral component, λ-k resampling, and digital dispersion compensation [24] . Then, wavelength-dependent B-scan images were obtained by a short-time inverse Fourier transform (STFT) with a sweeping Gaussian spectral window [18, 25] . The FWHM of the Gaussian window was k w = 0.29 µm −1 , which is around 15 nm at 570 nm. The corresponding axial resolution for each narrow band reconstruction was estimated as ~6.9 μm in tissue.
After STFT, we obtained the complex values of two subsequent B-scans acquired at the same cross-sectional position A(x, z, t 0 , λ c ) and A(x, z, t 1 , λ c ), where x and z are the lateral and depth coordinates of the B-scan image; λ c is the central wavelength of the Gaussian spectral window; t 0 and t 1 denotes the timestamps of two consecutive B-scan images. To correct the motion artifacts, we calculated the axial global phase fluctuations [26] 
The phase fluctuation was then corrected by
To obtain the speckle contrast from the microvasculature, we next took the absolute values of the difference between two B-scans [19] 1 0
We iterated the above three-step process on all 512 cross-sectional locations along the y axis, performed a three-dimensional (3D) 3 by 3 median filter, and generated the 3D wavelength dependent microangiography I(x, y, z, λ c ). To display the angiogram, we summed the first 15 pixels of the maximum values along z direction as I(x, y, λ c ).
To deduce sO 2 , we used 3D angiographic images I(x, y, z, λ c ) centered at four wavelengths: 562.8 nm, 566.9 nm, 571.0 nm, and 575.3 nm. We took logarithmic values of I(x, y, z, λ c ), and then integrated the first 15 pixels of the maximum values (corresponding to ~10 μm in depth) along z direction as ( , , ) log[ ( , , , )] . The first derivatives of the resultant spectra S(x, y, λ c ) were calculated to correlate sO 2 . The derivative of the average spectrum from a nonvascular area was subtracted to eliminate systemic error.
Animal preparation
All the experimental procedures are approved by the Northwestern University IACUC. Nude mice were first anesthetized by 2.5% isoflurane with 3.0 Standard Liter per Minute (SLPM) air mixed with 20% oxygen and 80% nitrogen for 5 minutes. After the initial anesthesia, the animals were transferred to a home-made imaging stage and anesthetized by 1.5% Isoflurane with 1.5 SLPM air. The mouse ears were flattened and attached to an image plate. A droplet of glycerol was topically used to reduce the reflection of the skin surface. A heating pad was used to maintain the animals' body temperature, and a pulse oximeter was attached to the left rear leg to monitor the heart rate and systemic arterial sO 2 (spO 2 ).
Result
Our method is illustrated in Fig. 2 . Figure 2 (a) shows a typical cross-sectional B-scan image from a mouse ear in vivo using the vis-OCT. The anatomical features such as epidermis, dermis, and cartridge were accurately reconstructed. The same cross-sectional location was scanned twice with a 30-ms delay, and the speckle contrast from the two subsequent B-scan images created an angiography. By using STFT, wavelength-dependent angiography I(x, y, z, λ c ) can be obtained. Figure 2(b) shows a cross-sectional I(x, z, λ c ) from a sub-band reconstruction centered at 602 nm. The static tissue signal was largely subtracted, leaving the contrast only from the moving blood cells. At different wavelengths, the enhancement provided by the contrast can be observed from an arteriole and a venule (Fig. 2(c) ). Because of the distinct extinction spectra from oxygenated and deoxygenated hemoglobin, the arterial and venous contrast had different spectroscopic feature, which is utilized to quantify sO 2 ( Fig.  2(d) ). 
Calibration
To demonstrate how we can deduce sO 2 from the spectroscopic feature, we used a simple static model to express the OCT signal attenuation by the blood, 
where I 0 (λ) is the light source spectrum; μ t,HbO and μ t,Hb (cm −1 ) are the total extinction coefficient of the oxygenated and deoxygenated blood, respectively; z is the penetration depth in blood, r denotes the reflectance of the blood. Over the chosen wavelength range, we consider r is a constant. By taking logarithmic values of I OCT (z, λ) and integrating the signals along the depth, it can be rewritten as
log( / ) 
where L (μm) is the penetration depth in blood. Because of the three-dimensional imaging capability, L is a geometric length that is independent of the optical properties or the wavelength range. We then can take the first derivative of the above equation
where a linear relationship between the first derivative of the spectrum and sO 2 is established. To verify the linear dependence, an in vivo calibration experiment was performed on nude mice ears. The inhalation gas is a mixture of O 2 and N 2 whose relative concentrations were adjusted by a gas proportioner. A pulse oximeter was attached to the rear left leg of the animal to provide systemic arterial sO 2 (spO 2 ) measurements. We then reduced the O 2 content gradually, and allowed the animals to stabilize for ~3mins after each O 2 reduction. At each gas condition, we acquired OCT microangiography, calculated the first derivative of the spectra from an arterial vessel, and compared to the spO 2 readings (Fig. 2(e) ). The linear correlation was evidenced by a linear regression with R 2 = 0.98. We then further used this calibration curve to deduce sO 2 from the spectral profiles in the following experiments.
Simultaneous tissue microanatomy, microvascular, and local sO 2 imaging
Being able to quantify sO 2 allows OCT to provide functional microangiography, aside from just anatomical structures. Figure 3(a) shows an en face map along the x-y plane through mean-intensity-projection along the z-axis on the conventional OCT 3D images from a mouse ear in vivo. We could clearly visualize the sebaceous glands on the mouse ear skin as dark, round structures, as well as an unremoved hair in the periphery of the mouse ear. By taking the speckle contrast, the detailed microvasculature was enhanced (Fig. 3(b) ). We zoomed in a small region of interest (ROI) and overlaid the anatomical and microvascular maps (Fig.  3(c) ). We could see the capillary network surrounding a sebaceous gland, providing nutrient and oxygen (black arrow in Fig. 3(c) ). Furthermore, the functional map of microvascular sO 2 could be visualized using a pseudo-color mapping ( Fig. 3(d) ). The arterioles and venules could be well separated based on their measured sO 2 values. Some discontinuities in the map are due to the obstruction by the sebaceous glands. We plotted the histogram of the sO 2 values from two highlighted areas in Fig. 3(d) . The mean values of sO 2 from artery and vein were 91.3% and 60.7%, respectively. To further demonstrate the capability of measuring microvascular sO 2 , we performed a static hypoxia-hyperoxia challenge. First, we mixed the inhalation gas with 1:9 oxygen/nitrogen ratio to introduce systemic hypoxia, increased the ratio to 2:8 as normoxia, and finally to 10:0 as hyperoxia. At each stage, the spO 2 was monitored by a pulse oximeter, and the animal was stabilized for ~3 minutes. The functional microangiography under hypoxia is shown in Fig.  4(a) . We selected ROIs over the microvasculature, an arteriole and a venule to quantify sO 2 . The sO 2 statistics from three regions are plotted in Fig. 4(b) . Because of the systemic hypoxia, the sO 2 was suppressed over the entire vascular system (48.2 ± 4.8%, 36.4 ± 5.8% and 23.8 ± 4.6% from the arteriole, microvasculature and venule, respectively). Moreover, the sO 2 in the microvasculature fell between the arteriole and venule. At the normoxia stage, the corresponding sO 2 from three regions raised to 86.9 ± 4.1%, 58.2 ± 6.3% and 50.1 ± 6.3% respectively. At the hyperoxia stage, a change in the arteriole is not obvious because arterial blood was already oxygenated in normoxia. We still observed small increase of sO 2 from the microvasculature and vein (87.1 ± 5.5%, 60.9 ± 6.4% and 58.8 ± 5.0% from the arteriole, microvasculature and vein, respectively).Next, we performed a transient hypoxia challenge to monitor the dynamic variations in sO 2 . We scanned the same cross-sectional location continuously. After acquiring images for 10 s, we stopped the O 2 supply for about 15 s and recovered the O 2 supply thereafter. Figure 5(a) shows the sampled cross-sectional location from the entire field of imaged microvasculature. The spO 2 from the pulse oximeter showed the systemic sO 2 response to the transient challenge (Fig. 5(b) ). We selected four small blood vessels (two arterioles and two venules), and plotted their relative sO 2 changes subjected to the O 2 supply challenge. The average sO 2 change corresponded to the spO 2 curve very well, where the minimum sO 2 appears at around 31 s during the course of the experiment. 
Static and dynamic sO 2 monitor from microvasculature
Discussion and conclusion
We presented a method using vis-OCT to measure local sO 2 from microvasculature by combining the speckle contrast enhancement and the spectroscopic analysis. We verified our methods by a static hypoxia-hyperoxia challenge experiment, and demonstrated the capability of monitoring sO 2 dynamics by a transient hypoxia challenge experiment.
The method used here to extract the wavelength-dependent angiography serves two purposes. First, using a narrow band spectrum made the signal less prone to subtle motion artifacts between two subsequent B-scans than using the full width of the spectrum. Second, we obtained the spectral profile from which we could quantify microvascular sO 2 . The cost of this approach is the sacrificed axial resolution, which was around 7 μm with a 15 nm spectral window within visible light spectral range. This axial resolution is still on the order of the size of a single capillary (6-10 μm).
We calculated the first derivative of the spectra from microvasculature to deduce sO 2 instead of the spectral fitting algorithm [17, 18, 25] . There are two reasons behind our current approach. First, the optical properties from single blood cells in capillary level are less clear. In whole blood, the scattering coefficient of red blood cells is scaled by an empirical packing factor due to the dependent scattering in the densely packed whole blood [27] . This scaling does not apply in capillaries because red blood cells can individually flow through the capillary network. Secondly, directly calculating the first derivative eliminated the additional computational error in the fitting optimization, which makes the sO 2 deduction more robust.
Several limitations of this study can be improved in the future towards accurately quantifying absolute sO 2 by vis-OCT . First, the sensitivity of the sO 2 measurement (smallest detectable sO 2 difference) need to be better characterized, considering that several noise sources can affect the measurement precision, such as the light source fluctuation and spectral change due to the random geometries of red blood cells. Second, the theoretical treatment by Eq. (4)- (6) does not represent the speckle dynamics that was used to enhance the microvasculature. The exact formulation needs further elucidation. Third, the current reference for our sO 2 measurement is via a clinical pulse oximetry, which uses the pulsatile flow pattern to separate arterial signal from venous signal. Thus the spO 2 reading provides an overall arterial sO 2 , including different levels of arterioles, neglecting the plausible variation of sO 2 within arterioles [28] . A more accurate in vivo calibration method (e.g. concurrent PAM measurement) could be implemented to further verify our measurement on a same blood vessel.
In summary, we presented a method to measure microvascular sO 2 using vis-OCT. The method allows the functional imaging of the local microenvironment. It can be adopted into ophthalmology and several other basic and clinical fields to better understand the fundamental role of the microvasculature in disease progression.
